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Applied Bias Slewingin TransientWigner Function
Simulationof ResonanfTunnelingDiodes
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Abstract—The Wigner function formulation of quantum me-
chanics has shown much promise as a basis for accurately
modeling quantum electronic devices,especiallyunder transient
conditions. In this work, we demonstrate the importance of
using a finite applied bias slewrate (as opposedto instantaneous
switching) to better approximate experimental device conditions,
and thus to produce more accurate transient Wigner function
simulation results. We show that the use of instantaneous (and
thus unphysical) switching can significantly impact simulation re-
sultsand lead to incorr ect conclusionsabout deviceoperation. We
alsofind that slewedswitching canreducethe high computational
demandsof transient simulations. The resonanttunneling diode
(RTD) is usedasatestdevice,and simulation resultsare produced
with SQUADS (Stanford QUAntum Device Simulator).

I. INTRODUCTION

HE WIGNER function formulation of quantummechan-
ics has proven to be a very effective basis for the
numerical simulation of quantum electronic devices under
transientconditionsin self-consistentdissipative,and open-
boundarysystems[1]-[7]. However,the necessanjterative
solution of the Wigner function transportequationis very
computeintensive,resultingin the classictrade-of between
the accuracyand efficiency of the numerical implementa-
tion. We have identified a techniquefor transient Wigner
function simulation that achievesthe unlikely combination
of improving both accuracyand efficiency—using a finite
applied bias slew-rate (the rate at which the applied bias is
changedvith respecto time). To our knowledge all transient
Wigner function simulationsof quantumdevicesto datehave
usedinstantaneoushangesn the appliedbias. Stepfunction
inputs resultin simpler simulator code and fewer simulation
parameterdo chooseor investigate.However, we show in
Sectionll that the use of an infinite (and thus unphysical)
slew rate can significantlyimpact simulationresultsand lead
to incorrectconclusionsaboutquantumdevice operation.
Before discussingslew rates directly, we consider the
physics of transientbias switching in some detail [8]. In
a transientsimulation, applied bias changesare completed
during a time step (i.e., between consecutivesolutions of
the system). Changing the applied bias across a device
requiresa current pulse in the external circuit, essentially
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“communicating” the new bias to the device.If the applied
biasis changedtoo quickly for free carriersin the deviceto
respondto this current pulse, the bias changeis effectively
instantaneousand the external current simply chages the
contacts,producing an electrostaticfield acrossthe device.
In other words, the device acts like a capacitor.For a one-
dimensional'capacitor”of areaA, width L, andpermittivity ¢,
the externalcurrentdensity J.; necessaryo causea voltage
changeAV in time At is

I AQ CAV AV B
A AAt AAt LAt

Jext 0ccursentirely within the time stepAt. Following a bias
change,free carrierswill respondover time to the electric
field as they redistribute, enter, and leave the device to
accommodatehe new appliedbias.

To maintainphysicalcorrectnesspur quantumdevicesimu-
lator, SQUADS[7], implementsthe abovedescribecbehavior
in self-consistentfransientsimulations.Thatis, becausdime
stepsaretypically ontheorderof 1 fs, appliedbiaschangeof
anymagnitudeduringatime stepareeffectively instantaneous,
andthereforeinitially appearas electrostatidields acrossthe
entiredevice. SQUADScomputesaindprintstheaverageexter-
nal current.J.,; requiredto producethe specifiedbiaschange
in a single time step, althoughthis currentdoesnot appear
in any of the simulatedinternal device currents.Enforcing
self-consistencyhroughthe Poissonequationnaturallycauses
free carriersin the deviceto respondappropriatelyover time
to the electric field. Note that slewing the applied bias is
accomplisheagsimply by making many small, “instantaneous”
bias changesduring consecutivesmall time steps.[In this
manuscript,‘instantaneousimeans'single time step”.] Given
the abovedescriptionof how transientbiaschangeshouldbe
implementedn a devicesimulator,we cannow demonstrate
the significanceof the applied bias slew rate in transient
Wigner function simulations.

Jext =

Il. RESULTS AND DISCUSSION

A. Smulated Device and Operation Summary

Resonantunnelingdiodes(RTD’s) have servedas an ex-
cellent quantumdevice simulation test-bed,since they have
a relatively simple structureand biasing configuration,their
quantum effects are strong, and experimentalresults (for
comparisonto simulation) are plentiful. The particular RTD
usedin this work (seeFig. 1) was selectedbecauseof the
strongtransienteffectsit displays,asdiscussedy Jenserand
Buot[9] andin our previouswork [7]. Fig. 2 showsthe steady-
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Fig. 1. SimulatedGaAsRTD structure:equilibrium self-consistentonduc-
tion band,Fermilevels,anddoping.The0.3eV Al .3 Gay.7As tunnelbarriers
are 3 nm thick, andthe GaAsquantumwell width is 5 nm. The centerl7 nm
of the device(including 3 nm outsideeachtunnelbarrier) are undoped.

state self-consistent/—V curve for this RTD as simulated
by SQUADS. Previoustransientsimulations[7] showedthat
this RTD is stableat all points on this /—V curve except
in the plateau(0.239V-0.313V on the up-traceand 0.254
V-0.239V on the down-trace) Wherethe two tracescoincide
in the plateau(0.239 V-0.254 V), perpetualhigh-frequency
(~2.5THz) currentoscillationsoccur.In the remainderof the
plateauon the up-trace,the RTD is only mamginally stable
(it approachessteady-statan a weakly-dampedoscillatory
fashion).Sincethe mostinterestingtransienfphenomenaccur
in the plateauregionof the I—V curve,transientsimulations
of this region offer a very effective meansof analyzingthe
effects and importanceof slew rate variation.

All transient simulationsin this work used the Cayley
transientoperatof10], [7] with a1 fs time step.The Gummel
iteration methodwas usedto implementself-consistency7].
For I-V curvesimulationsoperatingpointsweretakenevery
10 mV. Three convegencecriteria were usedto determine
when steady-statéad effectively beenreachedafter applied
bias changes:potential changeless than 10~ eV, Poisson
equationsatisfiedto lessthan 10~8 eV, and currentvariation
acrossthe deviceof lessthan 1000 A/lcm?.

B. Instantaneous Bias Switching

To determinethe effects of slew rate on simulation re-
sults, we first ran a transient/—V curve simulation using
the standardapproachof instantaneou$ias switching. Thus,
starting from a steady-statesolution at one bias, the applied
bias was changedto the next bias point in a single time
step,and the systemwas againallowed to evolve to steady-
state. After each bias switch, a very large current pulse
of about 1.5 x 10° A/cm? peak amplitude and about 50
fs duration occurred. The amplitude of this current pulse
often exceededboth the starting and ending currents. For
example,Fig. 3 showsthe transientposition-averagedurrent
andthe collectorcontactcurrentin the RTD afterinstantaneous
switching from 0 V to 10 mV. [Hereafter,all currentswill
be position-averagedalues,sincethis is the currentinduced
in the externalcircuit.] Note that the peak currentis seven
to eight times the final steady-statevalue. During the down-
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Fig. 2. Self-consistentsteady-stat&kTD I—V curve showingnegativedif-

ferentialresistancehysteresisandbistability. The RTD is unstableg(oscillates
perpetually)in the plateaubetweer0.239V and0.254V, andit is mamginally
stable(oscillateswith slow damping)in the remainderof the plateau.
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Fig. 3. Transientposition-averagedurrent(plain curve) and collector con-
tact current(circle curve)after switchingfrom 0.0V to 10 mV. Note thatthe
peakof the currentpulseis sevento eighttimesthe final value.

trace,the currentpulsewas negative,but with essentiallythe
sameamplitudeandduration.Basedon the consistencyof the
currentpulsein amplitudeand durationthroughoutthe I—V
curve trace (exceptat bistable points), simple computations
[11] confirmedthat the pulse resultedfrom chaging of the
accumulatioranddepletionlayersto accommodatéhe 10 mV
changein appliedbias betweenbias points.

The origin of the current pulse describedabove has been
the sourceof some consternationin the past. For example,
Tsuchiyaet al. [12] attemptedo explainthe currentpulsein a
transientWigner function simulationafter a biasswitch across
the negativedifferential resistanc§NDR) region of the I—V
curve in terms of the dischaging of the quantumwell and
the propertiesof the electrodeqemitterand collector layers).
Similarly, Kluksdahl et al. [4] suggestedhat “the overshoot
probablyarisesfrom a rapid dischage of the trappedchage
in the potentialwell.” Simple calculations[11] showthatthe
quantumwell chage in thesecaseswas much too small to
producethe observedcurrentpulse,while the requiredchange
in accumulatioranddepletionchagewasaboutright. Useof a
finite slewratein theseinstancegor switchingthe biasoutside
the NDR region)would haveshownthatthe currentpulsewas
largely dueto the chaging of the accumulatiorand depletion
layers.Thus,instantaneousias switchingin transientwigner
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function simulations may obscure device operationto the
extent that incorrect conclusionsare drawn. [Note that in

the earlierwork of Frensley[1], nonself-consistentransient
Wigner function simulationsalso showeda currentpulseafter
switching an RTD acrossthe NDR region. However,in this
case Frensley’s conclusion that the pulse was due to the
chaging or dischaging of the quantumwell wascorrect.Since
Frensleydid not enforceself-consistencytherewould be no

accumulationand depletionchages.]

Much worsethanthe internalcurrentpulsefrom a practical
standpointis the external circuit current J.; required to
changethe biasby 10 mV in a singletime step(although.J.x:
doesnotappeain anysimulationresults).Using (1), with L =
55 nm,e = 12.9¢,, AV = 10 mV, and At = 1 fs, theexternal
currentdensity is J., = 2.1 x 10° Alem? for this RTD.
This is at leastthreetimeslargerthanany currentthe external
circuit mustsupplyfor steady-stateeviceoperationanywhere
in thesimulatedbiasrange(seeFig. 2). In summarythe useof
instantaneoubiasswitchingin self-consistentjuantumdevice
simulation producesa huge current pulse within the device,
and it would require an even larger current spike from the
driving source.Neither of theserepresentpractical quantum

systembehaviorin real measuremendr circuit environments.

C. Realistic Sew Rates

The abovesimulationsshowthatinstantaneoubiasswitch-
ing in transientWigner function simulationspresentsa huge
“shock” to the quantumdevice, resultingin a large internal
current pulse and dampedoscillations thereafter,as shown
in Fig. 3. To more accuratelymodel the operationof real
quantumdevicesand circuits, a finite appliedbias slew rate
must be used.Basedon the simulation resultsabove,RTD-
type devicescan respondand changestatein about 100 fs,
s0100fs biasslewing seemsappropriatefor studyinghow an
RTD might operaten a circuit of its peers A secondransient
1-V curvesimulationwasthereforeconductedat a slew rate
of 10 mV/100 fs (100 V/ns). As an example,Fig. 4 shows
the transientcurrent for the slewedswitch from 0 V to 10
mV, along with the sameplot for instantaneouswitching.
Note that the accumulation/depletiothaging current pulse
(which musthavethe sameintegral overtime, or total chage
transfer)of Jp, ~ 4 x 10* Alcm? is much lessseverewith
slewedswitching. Also, (1) gives an externalcurrentof only
Jext = 2.1 x 10* Alcm?. Neitherof thesearelarge compared
to normaloperatingcurrentsof the device, which confirmsthat
this slew rate could reasonablyoccurin a quantumcircuit.

The useof 100 V/ns slewedswitchingin transientWigner
function simulations, while improving the accuracyof the
simulation,hadtheancillary benefitof reducingtheirvery high
computationatost. The shockof instantaneoubiasswitching
requireda relatively long transientsimulationbeforethe con-
vergencecriteriaweresatisfied(i.e., steady-statevasreached).
Slewedswitchinglessenedhe shock,so that, althoughreach-
ing the next bias took longer, total time to steady-statavas
much less. For example,for the 0 V to 10 mV switching
simulationshownin Fig. 4, steady-statevasreachedn 330fs
with slewing,versus550fs without. On averageconvegence
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Fig. 4. Transientcurrentafter switching from 0.0 V to 10 mV. The plain
curve showsthe transientcurrentwhenthe biasis switchedinstantaneously;
the circle-curve showsthe samewhen the bias is slewedfrom 0.0 V up
to 10 mV over 100 fs. Note that the slewedswitching simulation reaches
steady-stateignificantly fasterthan the instantaneouswitching simulation.

was reachedabout 20% faster with slewed switching, even
in the critical plateauregion (where thousandsrather than
hundreds,of femtosecondswvere required for convegence).
Needlessto say, a 20% improvementin computationtime
is very significantin a several-hundredhour simulationtask.
[Note that if transienteffects are not specifically of interest,
much more computationallyefficient steady-statesimulation
methods[7] can be used.]

The 100 V/ns slew rate was chosento model an RTD
driven by an equally fast device.If simulationresultsare to
be comparedto RTD measurementdy a device tester,an
evenlower slewrateis appropriateFastoperationabmplifiers
(which might serveas the front end for a devicetester)are
capableof perhaps2000V /us slewrates[13]. Taking 1 V/ns
aspotentiallyfeasiblevalue, this is a factor of 100 lower than
theslewrateusedabove,andwould require10 ps(10000time
steps)to changethe appliedbiasby 10 mV. The questionis,
if onewishedto simulateexperimentadevicetestconditions
(e.g., to test simulator accuracy),is it necessaryto go to
sucha hugeexpense™ otherwords,given the instantaneous
switchingand 100 V/ns slewing simulationresults,canlower
slew rate effects be estimatedby extrapolationor even ne-
glected (i.e., steady-stateoperationassumed)dn this case,
the answeris no. Simulationresultsin the following section
indicate that when the details of this device’s operationare
beinginvestigatedthereare casesvhereevena 1 V/ns slew
rate is too high.

D. Intrinsic Oscillations

As statedearlier,themostinterestingransieneffectsfor the
chosenRTD occurredin the plateauregionof its /—V curve.
We thereforeinvestigatedin more detail the effects of slew
rate variationin this region of operation.In tracingthe I—V
curvein the plateau,both instantaneouand 100 V/ns slewed
switching initiated oscillations that persistedfor thousands
of femtosecondqat 1 fs per time step). Theseoscillations
were so persistentthat Jensenand Buot [9] concludedthat
the RTD oscillated perpetuallyat all biasesin the plateau,
and that these oscillations were necessaryfor the plateau’s
existence.However, we showedin previouswork [7] that
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Fig. 5. Transientcurrentafter instantaneouswitchingfrom 0.26 V to 0.27
V in the plateau.Although the differencebetweeninitial andfinal currentis
lessthan2 x 10* A/cm?, the oscillation amplitudestartsat ten times this
value. The oscillationsare initiated by the abruptswitching.

440 ———— " T T
[ 0.27 V reached
§ 4.35 (slewing stops)
w
=)
; 4.30 i
‘0
C
3 [
= 4.25
c L
[
3
4.20
) L o T B .
0 > 4 6 8 10 12

Time (ps)

Fig. 6. Transientcurrentduringandafter 10 psslewingfrom 0.26V to 0.27
V in the plateau(slew rate: 1 V/ns). Although small oscillationsoccur even
at this low slew rate, the oscillation amplitudeis lessthan 1/100th of that
in Fig. 5.

this RTD is only truly unstablein the plateaubetween0.24
V and0.25V. [Further simulations[14] markedthe unstable
regionmorepreciselyatbetweerD.239V and0.254V.] Above
this rangein the plateau,the oscillationseventuallydecayed
to steady-stateFor example,Fig. 5 showsthe current after
instantaneouswitchingfrom 0.26V to 0.27V. Sincethe RTD
is stable(albeitmaiginally so)at appliedbiasesabove0.254V,
theseoscillationswere apparentlyinitiated by the abruptbias
changesA 1 V/ns slew rate (10000 time stepsper 10 mV)
simulationfrom 0.26V to 0.27V wasconductedo verify this.
Theresultis shownin Fig. 6. Eventhis simulationshowsvery
small oscillationsafter the (abrupt) start and end of slewing.
Presumably even lower slew rateswould avoid oscillations
entirely. Thus,onceagainthe useof an infinite slew rate (by
Jenserand Buot) hasbeena culprit in producingsimulation
resultswhichledto invalid conclusionsiboutdeviceoperation.
A furthersetof simulationssoughtto determinehe effect of
slewingthe appliedbiassmoothlythroughthe unstableregion
of operation.This might occurin the simulationof a device
with an unstableregion that was smaller than the chosen
bias step. In this case,the existenceof oscillations would
probably be missedentirely. Transientsimulationsstarting at
0.23 V and slewing the bias continuouslyto 0.26 V served
to investigatethis possibility. The resultsare shownin Fig. 7.
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to beginoscillating beforeit leavesthe unstableregionat 0.254V. Continual

slewingat 0.2 V/ns (or 50 ps/10mV) is slow enough.Only the peaksof the
oscillation are shown, so that the other curvesare not obscured.

At 1 V/ns (10000 time stepsper 10 mV), the deviceslewed
through the unstableregion too quickly for oscillations to

begin. The resultswas the sameat 0.5 V/ns, (20000 time

stepsper 10 mV). Finally, at 0.2 V/ns (50000 time steps
per 10 mV), the RTD was able to achievethe conditions
necessaryor oscillations(describedn [14]). The oscillations
persistedduringthe continuousslewing,albeitwith decreasing
amplitude,until shortly after the unstableregion was exited.

Theseresultsindicatea relatively very slow responseime for

a devicewhich is otherwisesofast. Thelessonis thateventhe

useof arelatively low slew rate may still allow somedevice
physicsto be missed.

Since simulationresultsin the plateauregion of the I—V
curve dependstrongly on the slew rate used, it is again
importantto considerwhat might happenin an actualcircuit
or testenvironment.Device analyzergsuchasthe HP 4145)
tracean -V curve by sweepingthe appliedbiasin a step-
wise fashion, so that a new biasis establisheda delay time
(typically a few milliseconds)elapsedo allow the deviceto
settleto steady-stateandthe currentis measuredThus, with
anideal devicetester,oscillationswould definitely be seenin
theunstableegion(assumingatleastonebiaspointfell there),
sincetherewould be plenty of time for the deviceto evolveto
the unstableconditions.In the mamginally stableregion, since
the slew rate would be lessthan 1 V/ns and slewing would
start and stop more smoothly, no oscillations would occur
after 0.254V. However,devicetestersare not ideal. External
inductanceand capacitancen the measuringapparatusould
easily changea mamginally-stableRTD into an unstableone,
causingthe RTD to oscillateeverywheren the plateau Based
on the 100 V/ns simulationresults,this RTD would certainly
oscillatethroughouthe plateaun afast-changindrTD circuit.

E. Bistable Regions

Bistableregionsposeyet anotherhazardfor instantaneous
bias switching. When a transientsimulationis usedto trace
the steady-statd — V' curve(e.g.,to searchfor latenttransient
effects), for this RTD, instantaneouswitching producedthe
samel —V curveasthesteady-statesimulationandthe slewed-
switching, transientsimulation. However,it was not difficult
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Fig. 8. Transient current after switching from 0.23 V to 0.26 V. The
instantaneouslyswitched simulation (plain curve) conveged to the lower
bistablevalue,while the 10 V/ns slewedsimulation(circle-curve)conveged
to the uppervalue. This showsthat slew rate variation can profoundly affect
device function.

to devisea transientsimulationthat did not follow the steady-
state/ -V curve.For example a transientsimulationstarting
from steady-statat 0.23V andswitchinginstantaneouslinto

the bistableregion at 0.26 V, ratherthan conveging to the
“correct” higher currentstate,convegedto the lower current
state.In contrastthe samesimulationwith a 10 V/ns slewrate
convepgedto the highercurrentstate. Theseresultsare shown
in Fig. 8. Our standardslew rate of 100 V/ns was also too

fastto convegeto theupper/—V curvetrace.In generalthe
shockof instantaneousyr evenfast, biasswitchingmay cause
a deviceto “leap the rails” onto anothertracein a bistable
or multi-stableregion of operation.It should be noted that
switchingto the“wrong” statemight be ausefulfunction(e.g.,
to achievea higher effective NDR value or producea multi-

statedevice). By varying the slew rate in simulations,it is

possibleto investigatehow fast the device must be switched
in orderto producethis type of deviceoperation.

In this work, we have demonstratecthe importance of
using a finite applied bias slew rate (as opposedto instan-
taneousswitching)to betterapproximateexperimentadevice
conditions,and thus producemore accuratetransientWigner
function simulationresults.In fact, the proper slew rate for
simulations dependson the intended application conditions
andthe desireddevicefunction. We showedseveralinstances
wherethe useof instantaneouswitching hasled to incorrect
conclusionsabout device operation.As a addedbenefit, we
showedthat the use of slewedswitching canalsoreducethe
high computationademandf transientsimulation.

CONCLUSIONS
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